A therosclerotic disease of the carotid artery is an important cause of stroke. The selection of patients to whom carotid artery stenting (CAS) can be offered as an alternative to carotid endarterectomy (CEA) is controversial. In the ICSS (International Carotid Stenting Study), 1710 patients with symptomatic carotid stenosis ≥50% were randomly allocated to CAS or CEA.
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with CAS seems to be limited to patients older than 70 years, 2 the reasons of which remain unclear. Anatomic features of the aortic arch and supra-aortic arteries may increase procedural risk in CAS, [3] [4] [5] [6] [7] [8] but also in CEA. 9 Randomized trial evidence whether vascular anatomy constitutes a risk for procedural stroke independently of age, and whether it should inform the choice between CAS and CEA, has been lacking.
In the magnetic resonance imaging (MRI) substudy of ICSS, 3× more patients had new ischemic brain lesions after CAS than after CEA. 10 In the present analysis of the ICSS-MRI substudy, we investigated the association between vascular anatomies observed on baseline contrast-enhanced magnetic resonance angiography (CE-MRA) or computed tomographic angiography (CTA) and the risk of subsequent procedure-related cerebral ischemia. We hypothesized that increased difficulty of vascular anatomy would pose patients at greater risk of ischemia during CAS, but not during CEA.
Methods
In the ICSS-MRI substudy, 231 patients with symptomatic carotid stenosis were examined with brain MRI 1 to 7 days before intervention (pretreatment scan) and 1 to 3 days thereafter (post-treatment scan), including diffusion-weighted sequences (DWI) to detect ischemic brain lesions. The primary outcome was procedural cerebral ischemia, defined as the presence of ≥1 new DWI lesion on the posttreatment scan. 10 The study was approved by local ethics committees for non-UK centers and by the Northwest Multicentre Research Ethics Committee in the United Kingdom. Patients provided written informed consent to undergo MRI when the scans were not part of clinical routine.
The following anatomic parameters were defined before assessment and then evaluated on baseline CE-MRA or CTA in each patient by a single trained neurologist (M.D.M.) blinded to the findings on brain MRI. To test interrater reliability, the scans of the first 40 patients were additionally assessed by a neuroradiologist (F.J.A.). Degree of stenosis in the internal carotid artery (ICA) considered for treatment and in the ipsilateral external carotid artery was calculated according to NASCET (North American Symptomatic Carotid Endarterectomy Trial) criteria, 11, 12 expressed as the percentage of narrowing of the lumen at the site of maximum stenosis compared with the diameter of the nondiseased ICA measured distal to the bulb, where the artery walls run parallel. Patients with ICA near occlusion were not eligible to participate in ICSS. Length of stenosis was defined as the distance between the proximal and the distal shoulder of the plaque, or if not clearly visible, between the proximal and distal point where the stenosis decreased to 80% of its maximum. 9 Ulcerated stenosis was defined if fulfilling the criteria of an ulcer niche seen in profile as a crater penetrating into a stenotic plaque. 13 In addition, the side of carotid stenosis (left versus right) was recorded.
The current configuration of the aortic arch (AO), which represents a combination of variations of the original anatomy and acquired changes, was classified using a modification of the original definition, 14 in line with previous studies 8 : type 1, if all supra-aortic arteries originated at the level of the outer curvature of the aortic arch; type 2, if at least 1 supra-aortic artery originated between the outer and inner curvature; and type 3, if at least 1 supra-aortic artery originated below the level of the inner curvature ( Figure 1 ). Aortic arch variants such as the left common carotid artery (CCA) originating from the brachiocephalic artery were recorded. 8, 15 The angle between the aortic arch and CCA (or brachiocephalic artery) was measured on the plane defined by the aortic arch by drawing a tangential line along the outer curvature of the aortic arch connecting the origin of the left subclavian artery and the brachiocephalic artery. Then the angle apex was positioned at the origin of the CCA or brachiocephalic artery, 1 angle leg was drawn parallel to the tangential line, and the second one was placed in the center of the CCA or brachiocephalic artery (Figure 2A ). Subsequently, choosing the projection on which the angle was most pronounced, each angle along the course of the brachiocephalic artery, between the brachiocephalic artery and the CCA (in case of carotid stenosis on the right or stenosis on the left and CCA originating the brachiocephalic artery), and along the CCA and extracranial ICA was recorded if >30°. Angles were measured by positioning the angle apex at the turning point of the artery, and the angle legs in the center of the proximal and distal segment ( Figure 2B ). The angle between the CCA and ICA was always recorded. Each angle was measured as the change in direction from the caudal to the cranial segment by subtracting the angle between the 2 legs from 180°, as shown by an asterisk (*) in Figure 2 .
In addition, we applied a previously published score of anatomic features considered to increase procedural risk in CAS. 7 The score includes type of aortic arch configuration, arch atheroma, presence of bovine arch, that is, origin of the left CCA from the brachiocephalic artery, CCA disease, pinhole stenosis (>90%), external carotid artery stenosis >50%, CCA tortuosity defined as any vessel angulation >90°, and ICA tortuosity defined as any vessel angulation >60°.
Statistical Analysis
Interobserver agreement of anatomic parameters between the 2 raters was tested with intraclass correlation coefficients (ICC) for continuous variables, with values >0.75 indicating excellent, 0.40 to 0.75 fair to good, and <0.40 poor reliability, 16 and Cohen κ for categorical variables, with values >0.81 indicating excellent, 0.61 to 0.80 substantial, and 0.41 to 0.60 moderate agreement. 17 Associations between side, degree and length of stenosis, plaque ulceration, angle between aortic arch and brachiocephalic artery or CCA, angle between the brachiocephalic artery and CCA (if applicable), largest angle in the CCA, CCA/ICA angle, largest angle in the ICA and type of aortic arch configuration and the primary outcome measure were investigated with binary logistic regression in each treatment group separately. Continuous variables were dichotomized at the population median. All analyses were adjusted for the time interval between treatment and the post-treatment MRI, which was longer in the CEA group than in the CAS group. 10 Analyses were additionally adjusted for age, which is the strongest clinical predictor for procedural stroke or death associated with CAS and may itself be associated with complex vascular anatomy. In addition, we tested whether anatomic parameters which were significantly associated with the primary outcome measure in 1 treatment group also modified the odds ratio (OR) of the primary outcome measure between CAS and CEA, by testing of statistical interaction. SPSS version 22.0 (IBM Corp, Chicago, IL) was used. 
Results
Baseline CE-MRA (n=126) or CTA (n=58) was available in 184 of the 231 patients (80%); 97 were assigned to CAS and 87 to CEA ( Figure 3 ). Clinical, anatomic and interventional characteristics were well balanced between groups (Table) and broadly comparable between patients with and without available baseline vascular imaging, with the exception of a longer delay to treatment in the latter group (Table I in Procedural cerebral ischemia was found in 49 patients in the CAS group (51%) and 14 patients in the CEA group (16%; OR, 6.0; 95% CI, 2.9-12.4; P<0.001). In 6 of the 49 patients in the CAS group and in 2 of the 14 patients in the CEA group, the new DWI lesions on the post-treatment scan were associated with symptoms of ischemic hemispheric stroke occurring between initiation of treatment and the post-treatment scan. DWI lesions in the remaining patients were silent. 10 Among both treatment groups combined, stroke symptoms occurred in 5 patients with DWI lesions located in the territory supplied by the right carotid artery and in 3 patients with DWI lesions located in the territory supplied by the left carotid artery (with or without involvement of other territories; Table II in the online-only Data Supplement).
In the CAS group, aortic arch configuration type 2 or 3 as opposed to type 1 (OR, 2.8; 95% CI, 1.1-7.1; P=0.027) and the largest angle along the course of the ICA separated at the population median (≥60° versus <60°; OR, 4.1; 95% CI, 1.7-10.1; P=0.002) were associated with cerebral ischemia (Figure 4 ). Both associations remained significant after correction for age (OR, 2.9; 95% CI, 1.1-7.7; P=0.032; and OR, 3.4; 95% CI, 1.4-8.9; P=0.01, respectively). To account for potential confounding, we additionally corrected these associations for the duration of the stenting procedure (OR, 2.9; 95% CI, 1.1-8.1; P=0.038 for ICA angle and OR, 2.6; 95% CI, 0.9-7.5; P=0.079 for aortic arch configuration, respectively). None of the other parameters predicted the occurrence of cerebral ischemia ( Figure 4) . In addition, patients with a higher score of anatomic difficulty 7 were also at increased risk for cerebral ischemia (OR, 3.2; 95% CI, 1.3-7.9; P=0.014, values separated at the population median 4.3), but not after correction for age (OR, 2.2; 95% CI, 0.8-5.7; P=0.123).
In the surgery group, none of the assessed parameters for vascular anatomy or stenosis characteristics (or the expert score for anatomic suitability) were significantly associated with procedural cerebral ischemia. However, we observed a nonsignificant trend that patients with aortic arch configuration type 2 or 3 had a higher risk of cerebral ischemia (OR, 3.5; 95% CI, 0.7-17.1; Figure 4 ).
We performed a sensitivity analysis excluding patients without available arch angiography from all analyses. Among 89 remaining patients in the CAS group, the association between cerebral ischemia and largest ICA angle ≥60° remained statistically significant (OR, 3.2; 95% CI, 1.2-8.5; P=0.023). In the remaining 76 patients in the CEA group, we again found no significant associations.
The interaction between the largest ICA angle and the effect of treatment (CAS versus CEA) on cerebral ischemia was statistically significant: the extra risk of DWI lesions in CAS increased further over CEA if the largest ICA angle was ≥60° (OR, 11.8; 95% CI, 4.1-34.1) than if it was <60° (OR, 3.4; 95% CI, 1.2-9.8; interaction P=0.035). The interactions between treatment effect and aortic arch configuration or anatomic suitability score were not significant ( Figure 5 ).
Discussion
In this substudy of a randomized trial comparing CAS versus CEA for symptomatic carotid stenosis, difficult configuration of the aortic arch and the largest angle along the course of the ICA were found to increase the risk of procedural cerebral ischemia in patients treated with stenting, but not in patients undergoing endarterectomy. ICA angulation differentially increased the extra risk of cerebral ischemia associated with CAS versus CEA.
In most previous studies investigating procedural stroke risk in CAS, vascular anatomy was assessed on digital subtraction angiography (DSA) performed as part of the procedure. To date, no study has compared the impact of vascular anatomy on procedural risks between CAS and CEA. We assessed baseline noninvasive carotid imaging (CE-MRA and CTA) obtained at the time of random assignment to CAS or CEA, before treatment was initiated. These tests are commonly available and used in routine diagnostic work-up for carotid disease. Hence, our findings seem more relevant to inform the choice between CAS and CEA among patients with symptomatic carotid stenosis in routine practice than the results of studies based on preprocedural DSA.
A complex configuration of the aortic arch and the supraaortic arteries increases the technical difficulty of the stent procedure. Repeated attempts to advance the catheter and guidewire may cause endothelial microtrauma or dislodge atherosclerotic plaque and ultimately cause cerebral emboli. The protocol of ICSS did not contain detailed precautions against these complications, such as advice on catheter and guidewire handling, limiting guidewire maneuver time between flushing, syringe aspiration and cleansing, concentration of heparin in saline flush, use of constant infusion via infusion ports to stopcocks, etc. We are therefore unable to verify that all possible precautions against thromboembolism were taken. This limitation must be borne in mind when interpreting the results of our study.
Despite this important limitation, key findings of our study were supported by previous research. Faggioli et al 15 reported a statistically significant association between aortic arch configuration and variants such as origin of the left CCA from the brachiocephalic artery (termed bovine arch) and the incidence of neurological complications in patients undergoing CAS. In our study, we were able to confirm an increased incidence of cerebral ischemia in patients with type 2 or 3 aortic arch configuration. The aortic arch variant mentioned above was present in 11% of our study population, which is within the frequency range reported in the literature and showed no Baseline data of patients in the stenting and endarterectomy group and details of stenting and endarterectomy procedure. Percentages exclude missing data; missing data were Carotid artery stenting (CAS) group: n=11 patients no interventional details known; carotid endarterectomy (CEA) group: n=6 patients no information on type of anesthesia available, n=19 patients no information on patch use available. CCA indicates common carotid artery; ICA, internal carotid artery; IQR, interquartile range; and TIA, transient ischemic attack.
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May 2017 association with the occurrence of new lesions on MRI after treatment, possibly because of a lack of power. With regard to tortuosity of the supra-aortic arteries, a higher risk of stroke or death within 30 days of CAS has been reported in patients with ICA/CCA angulation ≥60° on preprocedural DSA. 6 Other authors described a significant association between tortuosity of the CCA and proximal ICA and the occurrence of complications in CAS, but found no increase in adverse events in patients with tortuous ICA distal to the stenosis. 5 We were able to confirm that greater tortuosity along the course of the ICA increases the incidence of cerebral ischemia in CAS.
A scoring system derived from expert opinion has been developed to grade the difficulty of vascular anatomy (and hence to judge the suitability of the patient) for CAS. 7 Our results suggest that this system might indeed be able to predict the occurrence of ischemic brain lesions in patients with symptomatic carotid stenosis undergoing CAS, although perhaps not independently of age.
We found no significant association between supra-aortic vascular anatomy or stenosis characteristics and procedural cerebral ischemia in the surgery group. Problems with CAS related to navigating difficult vascular anatomy do not apply to endarterectomy where the atherosclerotic lesion can be directly accessed. However, there was a strong nonsignificant trend that patients with aortic arch configuration type 2 or 3 had a higher risk of cerebral ischemia possibly because these configurations are associated with increased atherosclerotic burden or represent markers of vascular risk in general.
By including 2 broadly comparable treatment groups in this observational substudy of a randomized trial, we were able to investigate whether a given anatomic risk predictor would modify the relative risk of cerebral ischemia between CAS and CEA, by formal testing for statistical interaction. The extra risk of DWI lesions associated with CAS increased further over CEA if the largest measured ICA angle was ≥60° (the population median) than if it was <60°. ICA tortuosity therefore seems to be a feature which should specifically be taken into account when deciding between CAS and CEA.
Characteristics of the carotid plaque (degree and length of ipsilateral stenosis and plaque ulceration) studied on CE-MRA and CTA did not predict the occurrence of new DWI lesions after CAS, in line with a previous DSA-based substudy of ICSS. 18 In contrast, several studies showed that the presence of an ulcerated plaque on preprocedural DSA increases the risk for the occurrence of DWI lesions after stenting. [19] [20] [21] In Figure 4 . Risk factor analysis. Impact of vascular anatomy on the risk of new diffusion-weighted imaging (DWI) lesions after carotid artery stenting (CAS) and carotid endarterectomy (CEA). Data are numbers of patients with new DWI lesions on post-treatment magnetic resonance imaging (MRI) scans (n) and total numbers of patients (T) per group. Circles and horizontal lines are odds ratios (OR) and 95% confidence intervals (CI) for presence of new DWI lesions in patients with vs without each risk factor, adjusted for interval between treatment and post-treatment scan and age. Continuous variables (degree and length of stenosis, angles, and expert score for anatomic suitability) were separated at the median values of the study population. Missing data: in the CAS group, the aortic arch was not visible in 8 patients; in the CEA group, the aortic arch was not visible in 11 patients. CCA indicates common carotid artery; and ICA, internal carotid artery.
addition, lesion length has been found to constitute a risk factor for adverse events in CAS, 9, [19] [20] [21] but also in CEA. 9 CE-MRA and CTA are inferior to DSA in accurately depicting plaque ulceration and lesion length which might explain the discrepant findings between these studies and ours.
Older age has consistently been shown a risk factor for procedural stroke in CAS, but not in CEA. 2 It has been speculated whether the association might be mediated by vascular anatomy. Elongation of the aortic arch and supraaortic arteries was found to be more prevalent in elderly patients, 4, 8 possibly leading to more difficulties during the CAS procedure. Notably in our analysis, the associations between ICA angulation and aortic arch configuration with cerebral ischemia in the stenting group remained significant after correction for age. Hence, vascular anatomy should be taken into account when selecting the appropriate treatment option for an individual patient, independent of the patient's age. This analysis has further limitations. The fact that the ICSS protocol excluded patients with a stenosis that was thought to be unsuitable for stenting because of proximal tortuous anatomy is likely to have limited the number of patients with very unfavorable anatomy. The full impact of vascular anatomy on CAS risk may therefore have been underestimated in this study. Second, although allocation of treatment was randomized, only 7 of 50 study sites participated in the ICSS-MRI substudy, and not all patients enrolled in ICSS at these sites completed the substudy for various reasons, as previously reported. 10 Analyzing a subset of a clinical trial implies many potential risks: the population of the substudy may differ from the original trial population and treatment groups in the substudy may differ in characteristics not measured in the trial because of selection bias. Third, the classification of aortic arch configuration used in this study did not capture the full spectrum of anatomic variation seen in practice; in particular, we did not assess varying degrees of separation between origins of left CCA and brachiocephalic arteries. Fourth, the limited power of our study has several implications: the observed associations in the CAS group must be interpreted with caution; the lack of adjustment for other clinical predictors of CAS risk because of limited power, such as previous stroke and atrial fibrillation, 21, 22 represents an important drawback; and a true impact of vascular anatomy on CEA risk may have been missed. Nonetheless, we think that the observed associations between vascular anatomy and cerebral ischemia in the stenting group are valid because they confirm the findings of previous, nonrandomized studies. Finally, a key limitation for the generalizability of our findings to modern practice is that technical advances in access routes (cervical versus femoral), stent design (eg, multilayered stents), and cerebral protection devices (eg, flow-reversal) have likely lowered the risk of thromboembolic complications in CAS since the time of recruitment in ICSS. Patients with complex vascular anatomy may derive the greatest benefit from these advances. Protection devices were only used in a minority of patients and they were mostly of the distal filter type. A previous analysis of the ICSS-MRI data showed that-contrary to their intended purpose and the results of previous MRI-based studies 23 -the use of distal protection devices was associated with an increased risk of DWI lesions. 10 
Conclusions
In this MRI substudy of a randomized trial, we have shown that ICA angulation and difficult configuration of the aortic arch both represent possible risk factors of cerebral ischemia during stenting for symptomatic carotid stenosis, independent of patient age. No anatomic parameters significantly increasing the risk of endarterectomy were identified. ICA angulation was the sole parameter differentially increasing the risk of cerebral ischemia with stenting versus endarterectomy. The risk of cerebral ischemia might be lower (and the observed associations with aortic arch configuration and carotid anatomy weaker) if technical precautions against thromboembolism were maximized. Nonetheless, vascular anatomy should be taken into account before selecting patients for stenting, irrespective of their age. Interaction P values are shown. Missing data: in the CAS group, the aortic arch was not visible in 8 patients; in the CEA group, the aortic arch was not visible in 11 patients. ICA indicates internal carotid artery.
